Line nodes in the energy gap of high-temperature superconducting BaFe2(Asi_ x P x ) 2 from 
penetration depth and thermal conductivity measurements 
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We report magnetic penetration depth and thermal conductivity data for high-quality single crystals of 
BaFe2(Asi_ a: P a; )2 (T c = 30 K) which provide strong evidence that this material has line nodes in its energy 
gap. This is distinctly different from the nodeless gap found for (Ba,K)Fe2As2 which has similar T c and phase 
diagram. Our results indicate that repulsive electronic interactions play an essential role for Fe-based high-T c 
superconductivity but that uniquely there are distinctly different pairing states, with and without nodes, which 
have comparable T c . 



The most important question concerning the Fe-based high 
temperature superconductors* is what is the interaction that 
glues the electrons into Cooper pairs. Conventional phonon- 
mediated pairing leads to the superconducting gap opening all 
over the Fermi surface, while unconventional pairing mecha- 
nisms, such as spin fluctuations, can lead to a gap which has 
opposite signs on some regions of the Fermi surface. The 
sign change is a result of the anisotropic pairing interaction 
which is repulsive in some momentum directions. In high-T c 
cuprate superconductors, where the electronic structure is es- 
sentially described by a single quasi-two-dimensional Fermi 
surface, the sign change of order parameter inevitably pro- 
duces line nodes in the gap function. In Fe-pnictides, how- 
ever, the Fermi surface has disconnected hole and electron 
sheets and so the condition for a sign changing gap can be 
fulfilled without nodes. In fact, a simple picture based on spin 
fluctuations predicts a distinct type of unconventional order 
parameter with sign change between the sheets, known as an 
s± stated In this case, each Fermi surface is fully gapped, 
preventing low-energy excitation of quasiparticles. 

Many experimental studies of high-T c Fe-arsenides in- 
dicate a fully-gapped superconducting stateMr— However, 
some measurements have suggested the existence of low- 
lying quasiparticle excitations 1,1011 which is consistent with 
a strongly disordered fully gapped s± or a nodal state * 7 ' 12 ' 13 . 
Strong evidence for gap-nodes in the clean limit has been 
reported for LaFePOJ^— However, this material has a low 
T c and has no nearby magnetic phases and so it is unclear 
whether it is representative of the higher T c Fe-based super- 
conductors. 

Recently, high-quality single crystals of the isovalent 
pnictogen substituted system BaFe2(Asi_ a; P a ;)2 with T c as 
high as 30 K have been grown. 17 As with the electron and 
hole doped materials, superconductivity with similar max- 
imum T c appears in close proximity to the spin-density- 
wave phase boundary (x ~ 0.3), where the presence of 
the strong antiferromagnetic fluctuations has been detected 
by NMR measurementsi2ii£ It has been suggested from the 
spin-fluctuations theory 3 that the superconducting gap struc- 
ture can depend sensitively on the pnictogen height from the 
Fe plane. The substitution of P for As reduces this pnicto- 



gen height, 17 which is not the case for the hole doping by 
K substitution for Ba. A comparison of the gap structure in 
BaFe2(Asi_ a; P a ;)2 and (Ba,K)Fe2As2 with similar T c should 
then give important insight into the pairing mechanism of 
high-r c superconductivity in Fe-pnictides. 

Here we report low-temperature measurements of the mag- 
netic penetration depth A and thermal conductivity k in high- 
quality crystals of BaFe2(Asi_ a; P a ;)2 (x = 0.33) with opti- 
mum T c = 30 K. Both A and n are particularly good probes 
of the gap structure of superconductors. A is related to the su- 
perfluid density n s oc A~ 2 , whose temperature dependence 
is directly determined by the gap function, n probes low- 
energy delocalized quasiparticles carrying entropy, which ex- 
tend over the whole crystal. Both measurements probe the 
bulk superconducting properties. Our results provide strong 
evidence for line nodes in the energy gap in this system. The 
presence of nodes is in sharp contrast to the fully gapped su- 
perconducting state deduced from similar measurements of 
(Ba,K)Fe2As2 having similar T c , and points towards a elec- 
tronic repulsive pairing interaction in high-T c Fe-pnictide su- 
perconductors. 

Our BaFe2(Aso.67Po.33)2 crystals were grown using a self 
flux method^ 7 - and were characterized using x-ray diffrac- 
tion and energy dispersion (EDX). No impurity phases were 
detected within experimental limits of < 1%. The sam- 
ples exhibit excellent sharp bulk superconducting transitions 
[see Fig.Q]. at T c = 30 K in both the dc resistivity p as 
well as the specific heat. Importantly for studies of the gap 
structure, these samples are relatively free from disorder, as 
demonstrated by the observation of quantum oscillations 19 . 
The temperature dependence of penetration depth \(T) in 
BaFe2(Aso.67Po.33)2 was measured by a MHz tunnel-diode 
oscillator down to ~ 0.15 K (Ref.ll4l) and by a microwave su- 
perconducting cavity resonator down to ~ 1.6 K. 4 - 7 In both 
measurements a weak ac magnetic field is applied along the 
c axis, generating supercurrents in the ab plane. In the mi- 
crowave measurements with angular frequency ui, the abso- 
lute values of both the real (R s ) and imaginary (X s ) parts 
of surface impedance can be determined by using the rela- 
tion R s = X s = y/ This allows us to estimate 
A(0) = X s (0)/ hquj = 200 ± 30 nm, which is consistent with 
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FIG. 1 : (Color online) Relative change in the electronic specific heat 
AC/T of single crystal BaFe2(Aso.67Po.33)2 measured using an ac 
technique under magnetic fields applied along the c axis. A smooth 
background determined from an extrapolation of the 14 T data has 
been subtracted. Temperature dependence of the in-plane resistivity 
p of a crystal from the same batch is also shown. Inset shows the 
upper critical field H C 2(T) determined from the mid point of the 
specific heat jump at each field (closed circles) and the irreversibility 
field measured by torque measurements (open square). 19 The dashed 
line is a fit to the Wertharmer-Helfand-Hohenberg formula. 



the recent //SR results of A(0) 170 nm. 20 The A(T) results 
obtained by the two techniques at different frequencies show 
excellent agreement [inset of Fig. [2| a)]. Thermal conductivity 
was measured in a dilution refrigerator with the heat current 
applied in the ab planed 

Figure|2|a) shows the normalized change in the penetration 
depth AA(T)/A(0) in BaFe2(Aso.67Po.33)2, compared with 
previous results for a clean (Bao.45Ko.5s)Fe2As2 crystal^ In 
sharp contrast to the flat behavior observed in the K-doped 
crystal, AA(T) in the P-substituted crystal exhibits a strong 
quasi-linear temperature dependence at low temperatures. 
The T-linear dependence of AA(T) is a strong indication of 
line nodes in the superconducting gap. The normalized su- 
perfluid density A 2 (0) / A 2 (T) in Fig.[2jb) also clearly demon- 
strates the fundamental difference between P- and K-doped 
samples. The low-temperature data of BaFe2(Aso.67Po.33)2 
can be fitted to 1 — a(T/T c ) n with the exponent n = 
1.13(±0.05) close to unity. This is completely incompati- 
ble with the flat exponential dependence observed in the fully 
gapped superconductors, and immediately indicates low-lying 
quasiparticle excitations in this system. This behavior is fun- 
damentally different from the power-law dependence of su- 
perfluid density with powers varying n ~ 2.0 to ~ 2.4 found 
for other Fe-arsenides i 7 ' 10 ' 11 In the fully gapped unconven- 
tional s± state, it has been suggested that substantial impurity 
scattering may induce in-gap states that change the exponen- 
tial superfluid density to a power-law dependence, but the ex- 
ponent is expected to be not smaller than ~ 2j2til However, 
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FIG. 2: (Color online) (a) The change AA(T) = A(T) - A(0) in 
the penetration depth of BaFe2(Aso.67Po.3a)2 along with the data for 
(Bao.45Ko.55)Fe2 As2 (T c — 33 K)J Inset compares the results ob- 
tained by the microwave and RF techniques, (b) Normalized super- 
fluid density A 2 (0) /A 2 (T) as a function of T/T c . The data follow a 
T-linear dependence (dashed line) down to T/T c ~ 0.05. The de- 
viation at lower T/T c can be fitted to the dependence for a gap with 
line nodes with disorder (solid line). The upper inset is the data up to 
T c . The tail near T c in (Bao.45Ko.ss)Fe2As2 is due to the skin depth 
effect at microwave frequencies. 7 The lower inset shows AA(T) at 
low temperatures in two samples (shifted vertically for clarity). 



the present results with exponent significantly smaller than 2 
and much closer to 1 as expected for clean superconductors 
with line nodes, cannot be explained by these modifications of 
a full-gap state, but is indicative of well-developed line nodes 
in the gap. We note that our data do not exclude the possibility 
that some of the bands being fully gapped. Indeed, the higher 
temperature behavior of the superfluid density is different to 
that expected for a single band with line nodes and instead 
suggests that some sheets of Fermi surface have a maximum 
gap below the weak-coupling value, as was found for MgB2- 21 
The fact that the experimental value of n is slightly larger 
than unity may result from impurity scattering. In the limit of 
high levels of disorder, a general gap with line nodes gives 
AA(T) ~ T 2 , and the following formula is often used to 
interpolate between the clean and dirty limits, AA(T) oc 
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T 2 /(T + T*)M The disorder parameter T* is related to the 
impurity band width 70 . If we use this formula to fit our data 
[solid line in Fig.EJb)], we get T* = 1.3 K w 0.04T C , which 
shows we are close to the clean nodal limit. A small variable 
sized upturn in AA(T) is observed at the lowest temperatures 
[inset of Fig.|2b)]. This probably originates from amounts 
(of the order of 0.1% in volume) of paramagnetic impurities. 
This effect is negligible for T > 0.5K (~ 0.017T C ), and is 
very small in sample #1, so this does not affect our conclusion 
of the existence of low-lying quasiparticle excitations. 

Thermal conductivity also provides a probe for the pres- 
ence of line nodes. First we address the temperature de- 
pendence of k/T in zero field [Fig.[5J a )]- In hole-doped 
(Bao.75Ko.25)Fe2As2,— k/T is nearly identical to the phonon 
contribution K p h(T) obtained from non-superconducting 
BaFe2As2, 23 consistent with fully-gapped superconductiv- 
ity, in which very few quasiparticles are excited at T <C 
T c . In spite of similar values of residual electrical re- 
sistivity in the normal state,-' 17 , the magnitude of k/T 
in BaFe2(Aso.67Po.33)2 is strongly enhanced from that in 
(Bao.75Ko.25)Fe2As2. At low temperature the data are well 
fitted by, k/T = aT 2 + b. The presence of a sizeable residual 
value b ~ 25mW/K 2 m is clearly resolved. 

It has been shown that the quasiparticle thermal conductiv- 
ity in superconductors with sign-changing line nodes is given 
by 

k/T = k /T(1 + O[T 2 / 1 2 ]) (1) 

in the range ksT < 70, where 70 is the impurity bandwidth. 24 
In this case kq/T is independent of the impurity content and 
depends only on the Fermi surface parameters and the slope 
of the gap near the nodes. A rough estimation using param- 
eters for the present material gives kq/T k, 22mW/K 2 m, 25 
which reasonably coincides with the observed value. The T 2 - 
term in Eq. (fl]i arises from the thermally excited quasiparticles 
around the nodes. For BaFe2(Aso.67Po.33)2 we find that this 
term is one order of magnitude larger than K p h/T. Recently 
calculations of k(T) for various candidate gap functions for 
the Fe-based superconductors have been reported by Mishra et 
al— For the s± state without sign changing nodes a sizeable 
value of kq/T is predicted only for very strong pair-breaking 
scattering (with accompanying strong reduction in T c ) which 
is incompatible with the low value of T* found in the A(T) 
measurements. For the case of sign-changing nodes in one 
or more of the Fermi surface sheets a sizeable k /T is pre- 
dicted in the low scattering limit, which is consistent with our 
experimental results. 

Next we discuss the field dependence of kq/T, which is an- 
other independent test of the gap structure. The most distin- 
guished feature in Fig. 0b) is that kq(H)/T increases steeply 
at low fields and attains nearly 70% of the normal-state value 
K n /T even at 0.2H c2 (where K n /T ~ 81mW/K 2 m is esti- 
mated from the Wiedemann-Franz law by using the residual 
resistivity po rj 30 pifl cm and H C 2 was estimated from heat 
capacity and torque measurement [inset of Fig.Q~)). Such a 
field dependence is quite similar to that in Tl2Ba2CuOg+5 
with line nodes 27 but is in dramatic contrast to that in fully 
gapped superconductors such as NbM In fully gapped su- 
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FIG. 3: (Color online) (a) Thermal conductivity divided by temper- 
ature k/T is plotted against T 2 at zero field (main panel) and on 
a linear T axis (inset). The solid lines are the fit to the T 2 depen- 
dence. The reported data of (Bao.7sKo.25)Fe2As2 (T c ~ 30 K) 8 - 
and the phonon contribution estimated in BaFe2As2 (Ref. [23h are 
also shown, (b) Residual kq(H)/T vs H / H C 2- Also shown are the 
results for TlaBaaCuOe+a (RefQ, (Ba .75K .25)Fe 2 As2 (Ref.i), 
and Nb. 28 The gradual increase of k(H)/T in (Bao.7sKo.25)Fe2As2 
has been attributed to the slight modulation of the gap value.— In- 
set shows the same data in BaFe2(Aso.67Po.33)2 plotted against 
(H /H^) 1 ^ 2 . The line represents the V^ff dependence. 



perconductors, quasiparticles excited by vortices are localized 
and unable to transport heat at low fields. In sharp contrast, 
the heat transport in superconductors with nodes is dominated 
by contributions from delocalized quasiparticles outside vor- 
tex cores. In the presence of line nodes where the density of 
states has a linear energy dependence N(E) oc \E\, N(H) 
increases steeply in proportion to \JlT because of the Doppler 
shift of the quasiparticle energy. 29 This is consistent with the 
field dependence of k (H)/T in BaFe 2 (As .67Po.33)2 shown 
in the inset of Fig. Ob). 

The present results, (i) the T-linear penetration depth, (ii) 
the large value of kq/T at zero field, (iii) the T 2 dependence 
of k/T, and (iv) the \fR field dependence of k/T, all indi- 
cate that sign-changing line nodes exist in the gap function 
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of BaFe2(Aso.67Po.33)2- An important question is then to an- 
swer how distinctly different gap structures (with and without 
nodes) can exist in a BaFe2As2 -based family of Fe pnictides 
and have comparable transition temperatures. Although the 
Fermi surface topology is similar in these two systems , 17 ' 19 ' 30 
slight differences in the size and corrugation of hole surfaces 
may give rise to the dramatic change of the nodal topology. 
One possibility is that both systems have a nodal s-wave gap 
function but that the nodes in the electron band are lifted 
by disorder in the K-doped system. 31 However, as these K- 
and P-doped samples have very similar normal-state resid- 
ual resistivities 8 ' 17 as well as similar enhancements in the mi- 
crowave conductivity below T c r! this suggests that they have 
similar levels of disorder, which makes this scenario unlikely. 
According to band-structure calculations 3 the orbital charac- 
ter of one of the hole sheets is very sensitive to the pnicto- 
gen height which changes as As is substituted by P. This can 
cause significant changes in the spin-fluctuation spectrum and 
hence can change the pairing state. 3 This is consistent with the 
observation of a nodal pairing state in the Fe-phosphide su- 
perconductor LaFePO^— However, the nodal gap functions 
are expected to give a much lower T c (as in LaFePO where 



T c ~ 6K) 3 so the high T c of BaFe 2 (Asi_ x P x ) 2 remains puz- 
zling. A recent theory suggested that a competition between 
orbital and spin fluctuations may lead to line nodes, 33 which 
needs further investigations. 

In summary, from the penetration depth and heat trans- 
port measurements, we demonstrate that the high-T c super- 
conductor BaFe2(Aso.67Po. 33)2 has sign-changing line nodes, 
in sharp contrast to other Fe-based superconductors which ap- 
pear to have a fully gapped pairing state. The presence of 
nodes is strong evidence for a repulsive pairing interaction 
such as that provided by antiferromagnetic spin fluctuations. 
Understanding the microscopic origin of these different be- 
haviors remains a challenge for a complete theory of super- 
conductivity in these materials. 
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